Seed layer technique for high quality epitaxial manganite films by Graziosi, P. et al.
Seed layer technique for high quality epitaxial manganite films
P. Graziosi, A. Gambardella, M. Calbucci, K. O’Shea, D. A. MacLaren, A. Riminucci, I. Bergenti, S. Fugattini,
M. Prezioso, N. Homonnay, G. Schmidt, D. Pullini, D. Busquets-Mataix, and V. Dediu 
 
Citation: AIP Advances 6, 085109 (2016); doi: 10.1063/1.4961228 
View online: http://dx.doi.org/10.1063/1.4961228 
View Table of Contents: http://scitation.aip.org/content/aip/journal/adva/6/8?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Direct real space observation of magneto-electronic inhomogeneity in ultra-thin film La0.5Sr0.5CoO3−δ on
SrTiO3(001) 
Appl. Phys. Lett. 105, 112909 (2014); 10.1063/1.4896283 
 
Stray field enhanced vortex dissipation in YBa2Cu3O7/La0.7Sr0.3MnO3/YBa2Cu3O7 hetero-epitaxial tri-
layer 
Appl. Phys. Lett. 103, 012601 (2013); 10.1063/1.4813110 
 
Dependence of negative differential resistance on electronic phase separation in unpatterned manganite films 
Appl. Phys. Lett. 100, 062402 (2012); 10.1063/1.3684806 
 
Magnetic proximity effect in Pr0.5Ca0.5MnO3/La0.7Sr0.3MnO3 bilayered films 
Low Temp. Phys. 38, 41 (2012); 10.1063/1.3677235 
 
Low-field magnetoresistive properties of polycrystalline and epitaxial perovskite manganite films 
Appl. Phys. Lett. 71, 1124 (1997); 10.1063/1.119747 
 
 
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.209.115.82 On: Tue, 16 Aug
2016 08:48:29
AIP ADVANCES 6, 085109 (2016)
Seed layer technique for high quality epitaxial
manganite films
P. Graziosi,1,2,a A. Gambardella,1 M. Calbucci,1 K. O’Shea,3 D. A. MacLaren,3
A. Riminucci,1 I. Bergenti,1 S. Fugattini,1 M. Prezioso,1,4 N. Homonnay,5
G. Schmidt,5,6 D. Pullini,7 D. Busquets-Mataix,2 and V. Dediu1
1CNR - ISMN, Consiglio Nazionale delle Ricerche - Istituto per lo Studio dei Materiali
Nanostrutturati, v. Gobetti 101, 40129 Bologna, Italy
2Instituto de Tecnología de Materiales, Universitat Politécnica de Valencia, Camino de Vera
s/n, 46022, Valencia, Spain
3Scottish Universities Physics Alliance, School of Physics and Astronomy, University
of Glasgow, Glasgow, United Kingdom
4University of California, Santa Barbara, Electrical & Computer Engineering Harold Frank
Hall, Santa Barbara, CA 93106-9560, USA
5Institut für Physik, Universität Halle, 06120 Halle, Germany
6Interdisziplinäres Zentrum für Materialwissenschaften, Martin-Luther University
Halle-Wittenberg, Nanotechnikum Weinberg, 06120 Halle, Germany
7Centro Ricerche Fiat, 10043, Orbassano, Torino, Italy
(Received 13 July 2016; accepted 4 August 2016; published online 12 August 2016)
We introduce an innovative approach to the simultaneous control of growth mode and
magnetotransport properties of manganite thin films, based on an easy-to-implement
film/substrate interface engineering. The deposition of a manganite seed layer and
the optimization of the substrate temperature allows a persistent bi-dimensional
epitaxy and robust ferromagnetic properties at the same time. Structural measure-
ments confirm that in such interface-engineered films, the optimal properties are
related to improved epitaxy. A new growth scenario is envisaged, compatible with
a shift from heteroepitaxy towards pseudo-homoepitaxy. Relevant growth param-
eters such as formation energy, roughening temperature, strain profile and chem-
ical states are derived. C 2016 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4961228]
Ferromagnetic manganites are a prototypical example of half metals: materials with 100% spin
polarization at zero temperature. Although their application in commercial devices is limited by a
relatively low Curie temperature (TC ≤ 370 K), manganites represent an excellent research model
for testing spin injection into various materials and to search for pioneering device paradigms.1–5
For instance, they have contributed significantly to the field of organic spintronics, where almost
half of the reported devices have La0.7Sr0.3MnO3 (LSMO) as a spin injector.6,7 In these and other
devices, it is imperative to optimize the spin injection efficiency, which is intimately linked to the
quality of the ferromagnetic layer and its interfaces.6,8 In many cases, however, keeping the manga-
nite film thickness relatively low (around 12 nm) offered the best trade-off between maintaining a
smooth morphology and optimizing the magnetic and transport properties.9
In this article, we propose a new way to increase this limit to much higher thicknesses, up
to 75 nm at least, in order to push the LSMO based devices temperature operations closer to
manganite TC. We report on epitaxial LSMO thin films deposited on SrTiO3 (100) (STO) by pulsed
electron beam deposition in the channel spark ablation (CSA) configuration.8,10,11 Using atomic
force microscopy (AFM) and scanning tunneling microscopy (STM), we confirm that the roughness
of the films grown directly on STO depends on the deposition temperature. In particular, below a
threshold deposition temperature of TR ∼ 1050 K, the growth is bi-dimensional (for thicknesses up
aCorresponding author: patrizio.graziosi@gmail.com
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to at least 100 nm) and the films are smoother than those grown above TR, which show a thickness
induced roughening with a three dimensional growth above a certain thickness, ∼ 10 nm for STO
(100) substrates. We also find that a strong magnetism is achievable only above TR where the
films surfaces are rougher above 10 nm in thickness. The magnetic properties are nevertheless fully
recovered, even for deposition below TR, when the film is deposited in a LSMO/seed-layer/STO
design, where the seed layer is a film of 0.5 to 1.5 LSMO unit cells deposited at room tempera-
ture (RT) and then rapidly heated (∼ 100 ◦C/min) in oxygen to the film deposition temperature.
Such film/substrate interface engineering preserves the film flatness characteristic of the depositions
below TR and the magnetism typical of the depositions above TR.
The seed layer approach acts on a roster of parameters rather than focusing on only ne and
enables a comprehensive improvement of the LSMO film quality, rather than develop just one. This
approach allows the deposition of thick (75 nm at least) LSMO films with atomically flat surfaces
and robust bulk and surface magnetism, even though the growth is carried out at temperatures
below TR.
LSMO thin films were deposited at a rate of 0.1 ± 0.02 Å/pulse (∼0.025 unit cells per pulse, at
a frequency of 6 Hz) by pulsed electron beam deposition in the CSA configuration using a commer-
cial target; details of the deposition condition have been previously reported.10 The substrates
were purchased from Crystal GmbH and Crystec GmbH and treated as already described.8 AFM
measurements were conducted by a Nanoscope Multimode III in tapping mode, STM measure-
ments were performed in an ultra high vacuum Omicron STM system with Pt/Ir tips. Magneto-
transport and magneto-optic Kerr effect measurements were performed in an homemade system.
X-ray diffraction (XRD) measurements were executed in a Siemens / Bruker D5000 XRD System.
Scanning transmission electron microscopy (STEM) was performed with a JEOL 200cF ARM
scanning instrument, equipped with a cold field emission gun and operated at 200 kV. Standard
cross-sectional specimens for STEM investigation were fabricated using a FEI Dual Beam FIB
Nova 200.
The AFM images in Figure 1 show the surface evolution of LSMO thin films grown on iden-
tical STO substrates (same lot) deposited at Tdep ∼ 1100 K without the seed layer (left column) and
deposited at Tdep ∼ 1000 K with the seed layer (right column). Details on the substrate cleaning
procedure and on film deposition have been previously reported elsewhere.10 Films deposited at
Tdep ∼ 1000 K without the seed layer and films deposited at Tdep ∼ 1100 K with the seed layer are
not shown because the morphology is not distinguishable from the ones reported here for the same
Tdep. The STO surface features terraces and 0.4 nm high steps, consistent with a single chemical
termination. The LSMO surface evolution was studied by AFM on 15 nm and 35 nm thick films
and by STM on 75 nm thick films. The root mean square (rms) roughness is reported in each image.
The vertical scale for the films deposited at Tdep > TR without the seed layer increases up to 9 nm
for the 75 nm thick film while for the films deposited at Tdep < TR with the seed layer the peak to
valley roughness is confined below 1 nm – in the 75 nm film the brighter mounds are 2 nm height.
It is evident that the rms roughness increases with the thickness of the films deposited directly
on the STO, while it is constant, at about half unit cell, for films grown on the seed layer. The
films deposited on the seed layer were grown below TR to ensure bi-dimensional growth, which
is the reason for their low roughness – in the 75 nm film deposited with the seed layer approach
the slightly higher rms roughness value (0.20 nm instead of 0.15 nm) is just ascribed to the higher
sensitivity of the STM. In addition, the seed layer has a impressive impact on the magnetotransport
properties as it will be shown later.
The existence of a temperature-dependent roughening transition is well known in inorganic
semiconductor epitaxy and is related to the thermodynamics of the stepped surface. Below TR, the
surface evolves by the evolution of each single step, while above it, the surface is free to reorganize
under the influence of infinitesimally small thermodynamic driving forces.12,13 In the case of crystal
growth from melt or from vapor, the roughening transition takes place when:
α = ξε/kBTR∼2.5, (1)
where ξ is the ratio between the number of first neighboring atoms in the surface and in the bulk
(2/3 in a cubic lattice), ε is the energy required to extract a unit cell from the crystal and put
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FIG. 1. Surface evolution of the LSMO thin films, starting from the substrate (on top), for standard (left column) and
engineered (right column) films. The evolution is studied by imaging films of different thicknesses (15, 35, 75 nm) as reported
on the top of each row. All images were acquired using AFM, apart from the 75 nm film which was investigated by STM.
The number in each image is the rms roughness.
it in the phase into which the crystal is growing (melt, vapor . . . ) and can be regarded as the
enthalpy of formation, TR is the roughening transition temperature. The surface roughens when
α ≤ 2.5.14,15 This picture has also been applied to metal thin films deposited by sputtering.16 A
cube-on-cube epitaxy picture is applicable for LSMO/STO because the substrates are cubic and
LSMO grows epitaxially on top. Assuming TR ∼ 1050 ± 30 K, we obtain ε ∼ 0.34 eV ± 0.01 eV
per unit cell, which corresponds to 33 KJ/mol. Such a value is in fair agreement with the value
of about 98 KJ/mol found for bulk LSMO obtained by solid state reaction from simple oxides.17
This difference can be due to three reasons. (i) The solid state reaction happens at thermodynamic
equilibrium but additional kinetic effects are expected for the highly energetic ionized species
produced in the CSA technique.18 (ii) The key steps in the formation of the epitaxial manganite
films occur at the sub-unit-cell level, before the formation of a complete perovskite unit cell layer.19
(iii) The co-deposition of multiple elements leads to a variety of potential side-reactions and bond-
ing configurations not encapsulated by the simple model of Equation (1). Most notably, the value
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of 33 KJ/mol is very close to the oxidation enthalpy of Mn3+ in Mn4+ (23.8 KJ/mol) in LSMO,17
suggesting that the oxidation processes play a crucial role in the stabilization of the LSMO phase
during thin film growth.
We found a fascinating dependence of the magnetic properties of LSMO on the use of the seed
layer and on the deposition temperature. Due to our setup temperature limitations, the study has
been carried out on 15 nm nominal thick LSMO films having a TC < 360 K. All the films presented
here are metallic over the whole temperature range apart from those deposited at lower temperature
without the seed layer, which show a metal-insulator transition at 335 K.
Figure 2 reports the data for these 15 nm thick LSMO. Figure 2(a) show the low field magne-
toresistance, LFMR = (R0 – RH)/R0, versus temperature, where R0 is the resistance without an
external magnetic field and RH is the resistance with an in-plane magnetic field of 80 mT parallel to
the current direction. The R(H) curves are linear in this range of fields at all the temperatures below
TC. The films were deposited at Tdep = 1100 K (Tdep > TR) or at 1000 K (Tdep < TR) as specified by
the legend. For both temperatures, we report on films deposited with and without the seed layer – for
films deposited with the seed layer, it is specified in the legend. It is possible to estimate TC from
a linear extrapolation to zero of the LFMR(T) plot to the right of the peak.10 Using this method,
the highest TC value is achieved at Tdep > TR without the seed layer (330 K); TC drops of about
25 K when the substrate temperature is reduced below TR (∆T in the figure) indicating that the
FIG. 2. LFMR versus T (a) for 15 nm LSMO films deposited on STO above and below TR and with and without the seed
layer, according to the graphs legends; MOKE signal at room temperature (b) for the couples of samples with the higher TC.
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bi-dimensional growth impairs the magnetism. Nevertheless, TC = 325 K is found where the seed
layer engineering is adopted even for Tdep < TR. Such a variation is inside the (thickness) reproduc-
ibility of our technique.10 As for the role of the seed layer in films deposited at Tdep > TR, we notice
that the effect is absent. An even detrimental effect has been observed for LSMO films deposited
on NdGaO3 (110) (NGO) and on (LaAlO3)0.3(Sr2TaAlO6)0.7 (100) (LSAT) (data not shown here),
suggesting that the role of the seed layer depends on the strain. Indeed the mismatch between
LSMO and NGO is 0.26 % and 0.39 % (compressive strain) along the two directions of the strained
LSMO unit cell, while it is -0.89 % (tensile strain) in the case of STO and less than 0.05 % in the
case of LSAT substrates.
We can conclude that the seed layer has a great influence on the magnetic properties of LSMO
when the films are deposited below TR, while no (or detrimental) effect is observed when the
LSMO films are grown above TR. This is consistent with the fact that the low roughness in films
deposited below TR is assumed to be related to a decreased surface diffusion constant,20 which can
be influenced by the seed layer. Differently, above TR the diffusion constant is greater, the adatoms
can reach their optimal position (from a crystalline point of view) and the effect of a seed layer is
minimized.
Therefore in the reminder of the paper we will compare the films deposited at Tdep > TR
without the seed layer with the films deposited at Tdep < TR and with the seed layer (referred as
“seed layer approach”).
Magneto-optic Kerr effect (MOKE) measurements of the same films, with the field along the
easy axis of the samples, are summarized in figures 2(b). Interestingly, the films grown on the seed
layer show a harder surface magnetism, as evidenced by the larger coercivity of 0.5 mT compared
with 0.2 mT. The coercive field (HC) values appear to be not linked to the TC values, defined by
extrapolation to zero of the LFMR.10 Rather than HC, it is the shape of the magnetization cycle to be
truly informative. Indeed the samples with the seed layer have more square cycles with the closing
field corresponding to the HC, as single domain sample. On the contrary, the samples without the
seed layer approach have closing fields higher than HC, which is an indication of an inhomogeneous
magnetization process or multi domain sample. Thus the seed layer approach enables higher homo-
geneity and improved crystalline order. The geometrical phase analysis of the transmission electron
microscopy data (Figure 4(e),4(f) and related comment below) support this picture.
It is interesting to correlate the magnetic properties to the structure of standard films with those
grown on the seed layer, as they exhibit similar magnetic properties but different morphologies.
XRD and TEM were used to collect structural information on the films. In the case of XRD, a large
set of films of different thicknesses, ranging from 5 nm to 34 nm (as measured by x-ray reflectivity)
was studied. The main result is shown in Figure 3, where the XRD results for (a) a 15 nm thick
film deposited at T > TR without the seed layer and (b) a 25 nm thick film deposited at T < TR with
the seed layer are compared. From the (003) reflection it is possible to observe that both the films
started to relax, the main difference comes from the full width at half maximum (FWHM) which is
higher for the film deposited without the seed layer (0.653◦ versus 0.212◦), although it is thinner.
This implies that the seed layer approach improves the degree of order in the out of plane parameter.
These results are confirmed by scanning transmission electron microscopy (STEM) analysis,
reported in figure 4. STEM images are given in figures 4(a)-4(d), where the growth direction is from
right to left across the image; the protective Pt layer can be seen to the left of the LSMO. As these
are high-angle annular dark field images, the contrast derives primarily from atomic number varia-
tions, and the LSMO film appears brighter than the STO substrate. In the film deposited without the
seed layer, figures 4(a), 4(c), the interface with the STO substrate is somewhat diffuse, indicating a
degree of intermixing at the interface as the result of the high energy deposition. This is in direct
contrast to that of the sample deposited with the seed layer approach (figures 4(b), 4(d)) where a
sharper interface is observed. As the seed layer was deposited at room temperature in the engineered
interface sample, the thermal energy for surface diffusion is lower and the atomic species in the
plume can be considered as already thermalized since the oxygen pressure in the chamber is about
4 Pa,21 resulting in less atomic intermixing and a sharp interface.
The seed layer is not noticeable at the interface in the TEM images, thus it should be part of
the epitaxial system. This seems to be in contradiction with the fact that it is deposited at room
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FIG. 3. XRD characterization (a) of a 15 nm LSMO/STO film deposited above TR without the seed layer and (b) of a 25 nm
LSMO/STO deposited with the seed layer approach. The arrow marks the (003) reflection from the film, which is used to
calculate the FWHM: 0.653 for (a) and 0.212 for (b).
temperature and hence most likely to be amorphous.22,23 The explanation we propose is that the
amorphous seeded layer was transformed into epitaxial manganite film. Although the high growth
temperature cannot be sufficient to restructure the seed layer,24,21 it looks realistic that the kinetic
energy of the species in the plume can induce the crystallization of the seed layer during the
subsequent film deposition. This also means that the material in the seed layer is utilized during
the growth by the subsequent film; this available material not only changes the interaction between
the early adatoms and the substrate but also acts as a material reservoir for the following film. This
can explain why the out-of-plane parameters are more uniform in the films deposited with the seed
layer approach (confirmed by the lower FWHM in XRD), suggesting also a different mechanism of
the conservation of the unit cell volume. We can infer that the seed layer, which is a sort of material
stock, moves the growth far from the intermediate proto-perovskite phase occurring when the seed
layer is not used,19 because it provides a sufficient number of atoms to form a complete perovskite
unit cell since the early atoms arrive during the subsequent deposition at Tdep.
The geometric phase analysis (GPA) reported in Figure 4(e), 4(f), confirms that the interface
engineering via the seed layer approach gives rise to excellent epitaxial growth with the substrate,
comparable to or better than the optimized films deposited at Tdep > TR.10 When the seed layer
approach is employed to engineer the substrate/film interface, the out-of-plane lattice parameter (i.e.
along the growth direction) is more uniform across the interface and along the film growth direction,
with less scattered data. The more uniform lattice constant at the substrate side in the sample with
the seed layer is likely due to the seed layer itself, which imply a different film/substrate interaction
at the interface, as we discuss in the next paragraph.
A real understanding of the role played by the initial material reservoir is lacking and has not
yet been considered in other growth models. We suggest that the improved performance, compared
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FIG. 4. (a)-(d): STEM characterization and strain analysis of (left column) a LSMO film deposited without the seed layer
approach and (right column) a LSMO film deposited with the seed layer approach. (e) and (f): GPA analysis is performed
over the regions highlighted by the red rectangles in (a) and (b).
with the standard films, is related to (i) an improved epitaxial growth, due to the departure from
the proto-perovskite intermediate scenario and to a modified density of the nucleation centers, and
to (ii) a different accommodation of crystalline defects, accompanied by local strain relaxation, in
the substrate during the substrate heating after the room temperature deposition of the seed layer.25
This looks likely when we keep in mind that even the best single crystal STO substrates have
a dislocations surface density of 1011 cm−2, which corresponds to 100 dislocations per µm2.26 A
different mechanism for their relaxation is expected to have a great impact on the film properties.
Electron energy loss spectroscopy (EELS) on the O-K and Mn-L2,3 edges were performed
in order to obtain chemical information about the engineered interface. While in the case of the
Mn-L2,3 edge no obvious changes were observed, a difference in the so-called pre-peak at 530 eV27
was observed on the O-K edge (Figure 5). In the sample with the seed layer approach (Fig. 5(b))
the distance between the pre-peak and the main peak is about 1 eV larger. Moreover this larger split
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FIG. 5. EELS analysis on the O-K edge of the sample regions highlighted in Figure 4(a), 4(b). The arrow indicates the
growth direction. The main difference is in the pre-peak at 530 eV as discussed in the text.
feature appears throughout the whole film. In order to understand this point it has to be stressed that
the O-K edge pre-peak has a strong contribution from Mn 3d band and so it is extremely sensitive to
bonding features. For instance it has been observed in the Ca analogue of LSMO (LaxCa1−xMnO3)
that the split between the two peaks increases with the divalent atomic content (Ca or Sr).27 Because
the samples with the seed layer approach have a greater spacing between the pre-peak and the main
peak, indicating a more Sr content,27 the seed layer approach also enables us to fix (at least partially)
the known problem that that films without seed layer are slightly deficient in Sr.11
In summary, we show that LSMO deposited by pulsed electron deposition at T > TR undergoes
a thickness induced roughening which is suppressed by decreasing the substrate temperature, re-
sulting in a persistent bi-dimensional growth but with weakened magnetic and transport properties.
The latter are recovered, while preserving the bi-dimensional growth, by using a seed layer (0.5 to
1.5 unit cells) of LSMO deposited at room temperature, resulting in the LSMO/LSMO(seed)/STO
structure. Such interface engineered films display high quality epitaxial growth and exhibit excel-
lent magnetic properties and low roughness. Although a possible growth mechanism responsible
for this improvement is proposed, many important questions remain open, especially considering
the quantitative description. We believe that engineering the interface by seed layers represents a
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.209.115.82 On: Tue, 16 Aug
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powerful tool for the simultaneous control of the film properties and roughness in various complex
oxides.
ACKNOWLEDGMENTS
The authors thank Federico Bona for technical help. The use of the scanning probe microscopy
laboratory at the “Centro Interfacoltà Misure” of the University of Parma is acknowledged. Finan-
cial support from the FP7 projects NMP3-LA-2010-246102 (IFOX), NMP-2010-SMALL-4-263104
(HINTS), NMP3-SL-2010-246073 (GRENADA), the DFG in the SFB762 project, and the Italian
government FIRB project n◦RBAP117RWN is acknowledged.
1 M. Bowen, J.-L. Maurice, a Barthélémy, M. Bibes, D. Imhoff, V. Bellini, R. Bertacco, D. Wortmann, P. Seneor, E. Jacquet,
a Vaurès, J. Humbert, J.-P. Contour, C. Colliex, S. Blügel, and P.H. Dederichs, J. Phys. Condens. Matter 19, 315208 (2007).
2 M. Prezioso, A. Riminucci, I. Bergenti, P. Graziosi, D. Brunel, and V.A. Dediu, Adv. Mater. 23, 1371 (2011).
3 M. Prezioso, A. Riminucci, P. Graziosi, I. Bergenti, R. Rakshit, R. Cecchini, A. Vianelli, F. Borgatti, N. Haag, M. Willis,
A.J. Drew, W.P. Gillin, and V.A. Dediu, Adv. Mater. 25, 534 (2013).
4 A. Riminucci, M. Prezioso, C. Pernechele, P. Graziosi, I. Bergenti, R. Cecchini, M. Calbucci, M. Solzi, and V. Alek Dediu,
Appl. Phys. Lett. 102 (2013).
5 P. Graziosi, A. Riminucci, M. Prezioso, C. Newby, D. Brunel, I. Bergenti, D. Pullini, D. Busquets-Mataix, M. Ghidini, and
V.A. Dediu, Appl. Phys. Lett. 105 (2014).
6 I. Bergenti, V. Dediu, M. Prezioso, and a Riminucci, Philos. Trans. A. Math. Phys. Eng. Sci. 369, 3054 (2011).
7 D. Sun, E. Ehrenfreund, and Z. Valy Vardeny, Chem. Commun. 50, 1781 (2014).
8 F. Li, P. Graziosi, Q. Tang, Y. Zhan, X. Liu, V. Dediu, and M. Fahlman, Phys. Rev. B 81, 205415 (2010).
9 H. Boschker, M. Huijben, a Vailionis, J. Verbeeck, S. van Aert, M. Luysberg, S. Bals, G. van Tendeloo, E.P. Houwman, G.
Koster, D.H. a Blank, and G. Rijnders, J. Phys. D. Appl. Phys. 44, 205001 (2011).
10 P. Graziosi, M. Prezioso, a. Gambardella, C. Kitts, R.K. Rakshit, a. riminucci, I. Bergenti, F. Borgatti, C. Pernechele, M.
Solzi, D. Pullini, D. Busquets-Mataix, and V. a. Dediu, Thin Solid Films 534, 83 (2013).
11 L. Poggini, S. Ninova, P. Graziosi, M. Mannini, V. Lanzilotto, B. Cortigiani, L. Malavolti, F. Borgatti, U. Bardi, F. Totti, I.
Bergenti, V.A. Dediu, and R. Sessoli, J. Phys. Chem. C 118, 13631 (2014).
12 J.E. Greene, ICTP, Trieste (1996).
13 K.A. Jackson and G.H. Gilmer, Faraday Discuss. Chem. Soc. 61, 53 (1976).
14 K.A. Jackson, Prog. Solid State Chem. 4, 53 (1967).
15 K.A. Jackson and C.E. Miller, J. Cryst. Growth 40, 169 (1977).
16 G.H. Gilmer, H. Huang, T.D. De La Rubia, J.D. Torre, and F. Baumann, Thin Solid Films 365, 189 (2000).
17 A. Navrotsky, ECS Trans. 45, 11 (2012).
18 S.D. Kovaleski, R.M. Gilgenbach, L.K. Ang, Y.Y. Lau, and J.S. Lash, Appl. Surf. Sci. 127-129, 947 (1998).
19 A. Gambardella, P. Graziosi, I. Bergenti, M. Prezioso, D. Pullini, S. Milita, F. Biscarini, and V.A. Dediu, Sci. Rep. 4, 5353
(2014).
20 R. Bachelet, D. Pesquera, G. Herranz, F. S??nchez, and J. Fontcuberta, Appl. Phys. Lett. 97, 2010 (2010).
21 S.D. Kovaleski, R.M. Gilgenbach, L.K. Ang, and Y.Y. Lau, J. Appl. Phys. 86, 7129 (1999).
22 D. Liu, N. Wang, G. Wang, Z. Shao, X. Zhu, C. Zhang, and H. Cheng, Appl. Phys. Lett. 102, 134105 (2013).
23 D. Liu, C. Zhang, G. Wang, Z. Shao, X. Zhu, N. Wang, and H. Cheng, J. Phys. D. Appl. Phys. 47, 085108 (2014).
24 J.S. Zhou, J.B. Goodenough, J.M. Gallardo-Amores, E. Mor??n, M.A. Alario-Franco, and R. Caudillo, Phys. Rev. B -
Condens. Matter Mater. Phys. 74, 1 (2006).
25 R. V. Chopdekar, (2013).
26 K. Szot, W. Speier, R. Carius, U. Zastrow, and W. Beyer, Phys. Rev. Lett. 88, 075508 (2002).
27 M. Varela, M.P. Oxley, W. Luo, J. Tao, M. Watanabe, A.R. Lupini, S.T. Pantelides, and S.J. Pennycook, Phys. Rev. B -
Condens. Matter Mater. Phys. 79, 1 (2009).
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.209.115.82 On: Tue, 16 Aug
2016 08:48:29
